Human pluripotent embryonic stem cells (hESCs) have great promise for research into human developmental biology, development of cell therapies for the treatment of diseases, toxicology, and drug discovery. Traditionally, undifferentiated hESCs are maintained on mouse embryonic fibroblasts (MEFs), which impede the clinical applications of hESCs. Here we have examined the long-term stability of the Japanese hESC line (KhES-1) in feeder-free culture. KhES-1 cells were cultured with MEF conditioned medium (CM) and different doses of basic fibroblast growth factor (bFGF) in six-well-plates of which the surface was coated with Matrigel. KhES-1 cells were maintained for at least 40 passages. In this culture system, the cells maintained stable proliferation rates and steadily expressed Oct-4, Nanog, and alkaline phosphatase. In addition, KhES-1 cells maintained without direct feeder contact formed embryonic bodies with expression of markers from the three germ layers. Here we demonstrated that Japanese human embryonic stem cells KhES-1 were cultured long term in a feeder-free method, while retaining pluripotency in vitro.
INTRODUCTION
lines of hESCs have been established and characterized, the data suggest that different cell lines show subtle differences of gene expression and differentiation capacity With the work of Evans and Kaufman over 20 years ago developing embryonic stem cells (ESCs) (5) , these upon long-term culture (10) (11) (12) . hESCs have a doubling time of 35-40 h and exten-cells have become a very important source of investigation. They established the pluripotent cells derived from sive cell expansion; a number of surface markers are currently used to characterize hESCs (12). Glycolipids the inner cell mass of blastocyst and the culture conditions for growing mouse ES cells in vitro. In 1998, hu-and glycoproteins that were identified in human embryo carcinoma cells are present in hESCs such as SSEA-4, man ESC (hESC) lines were derived from preimplanted embryos by Thomson et al. (15) . Frozen early stage hu-TRA-1-60, and TRA-1-81 (3). Also, some surface antigens initially described in other stem cell populations man embryos, produced by in vitro fertilization for clinical purposes, were thawed and cultured to the blastocyst such as AC133, CD-9, CD-117, and CD-135 have been identified (3,8). stage. Fourteen inner cell masses were isolated, and five ESC lines were derived. During the first 8 months of A number of critical transcription factors that play a critical role in maintaining stem cell self-renewal have culture, no period of replicative crisis was observed in any of the cell lines. hESCs were capable of differentiat-been found and their analysis is also useful for characterization. One is Oct-3/4, previously described, and ing into endoderm, mesoderm, and ectoderm. Because they are a pluripotent cell population that can be directed several target genes for Oct-3/4 have been identified in hESCs including Utf-1, Rex-1, PDGFαR, Otx-2, Lefty-to differentiate to specific phenotypes, hESCs may serve as a universal bank of cells from which specific cells 1, and Nanog, but their specific roles are still unclear. The expression of these markers has been reported to may be isolated for cell replacement therapies. However, before using hESCs for therapy, detailed aspects of being retained for over a year in hESC culture (8, 9) . Additionally, all hESC lines express high levels of hESC biology must be evaluated. While several cell telomerase, and although complete signaling pathways tion. The differentiated cells are migrating and passing from peripheral of colonies.
(2) Grade B/good; 30-50% have not been yet clarified, transcriptional profiling or gene expression technology has identified several genes of peripheral area is differentiated.
(3) Grade C/fair; colonies exhibit more than 50-80% differentiation. (4) Grade and transcription factors including ligand/receptor pairs and secreted inhibitors of signaling pathways (1) . hESCs D/poor; colonies are differentiated at more than 80-100% and the cells exhibit well-differentiated morphol-have been reported to be maintained in several different conditions by using growth factors of the TGF-β1/BMP ogy with inhomogeneous levels. superfamily, fibroblast growth factor (FGF) family, and Embryonic Body (EB) Formation of KhES-1 Wnt family (14) . Previous studies have demonstrated that a prolonged propagation of undifferentiated hESCs
To form EB, KhES-1 cells (2.5 × 10 5 cells/ml) were suspended in Dulbecco's Eagle's medium Nutrient Mix-requires growth on embryonic fibroblast feeder layers; however, basic FGF (bFGF) has become a common tool ture F-12 (DMEM/F12) (Ham) at 1:1 (GIbico BRL/Invitrogen, Co.), 15% fetal bovine serum (FBS) (Cell Cul-in the culture medium formulations' recently developed feeder-free conditions (17) .
ture Technology, Co.), 100 U/ml penicillin, 0.1 mg/ml streptomycin (Sigma). KhES-1 cells were incubated by In this study, we evaluated long-term culture ability of Japanese KhES-1 cells to grow on Matrigel, mouse a suspension culture method for 14 days to develop into EBs. embryonic fibrobalst conditioned medium (MEF-CM) in combination of different doses of bFGF. The expanded Differentiation In Vitro of KhES-1 KhESC-1 cells were successfully maintained with stable proliferation rate and the cells expressed Oct-4, Nanog, EBs were transferred onto gelatin-coated plates and cultured for an additional 7 days. Differentiation me-and alkaline phosphatase. dium contained DMEM/F12 (Ham) at 1:1 (GIbico BRL/ MATERIALS AND METHODS Invitrogen, Co.), 15% FBS (Cell Culture Technology,
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Co.), 100 U/ml penicillin, 0.1 mg/ml streptomycin (Sigma). hESC line KhES-1 (kindly provided by Dr. N. Nakatsuji, Kyoto University) was used for the present studies.
Cell Growth Analysis The cells were cultured with MEF-CM containing 80%
KhES-1 cells (2 × 10 4 cells/cm 2 ) were inoculated into knockout DMEM, 2 mM Gluta MAX, 0.1 mM β-mereach well of a 24-well plate (BD Biosciences) coated captoethanol. KhES-1 cells were cultured and evaluated with Matrigel and the medium was changed every day. with different doses of bFGF (0, 10, 20, 40 ng/ml) The cell number was measured regularly at passages (R&D Systems, Inc.) in six-well-plates coated with Matri-(>80% cell confluence) over time by an assay using 0.5 gel (BD, Becton Dickinson). Matrigel-coated plates mg/ml of 3-(4.5-dimethyl-thiazole-2-yl)-2.5-diphenyl were prepared as follows: Matrigel aliquots were thawed tetrazolium bromide (MTT) (Sigma) according to the inat 4°C for at least 2 h to avoid formation of a gel. Matristructions of the manufacturer. MTT values were exgel was diluted in MEF-CM for a final dilution of 1:30.
pressed as optical density units (OD). Matrigel solution (1 ml) was added to coat each well of a six-well plate. The plates were incubated for 2 h at Assay for Alkaline Phosphatase Expression room temperature, or overnight at 4°C. Matrigel solution of KhES-1 Cells was removed immediately before use. For passage, the Colonies were evaluated for an alkaline phosphatase cells were dissociated with the use of collagenase IV (ALP) fluorescence activity using an ELF phospatase solution (200 U/ml) (Gibco BRL/Invitrogen, Co.). The detection kit (ATCC, Manassas, VA, USA) for embrycell culture was conducted in a 5% CO 2 /air mixture at onic stem cells in accordance with the manufacturer's 37°C.
instructions. The KhES-1 cells were fixed with 4% Morphological Assessment of KhES-1 formaldehyde for 10 min and then rinsed with phosphate-buffered saline (PBS). Samples were permeabil-Colonies of hESCs were evaluated 7 days after passage when >80% of the surface area had cells. The colo-ized with 0.2% Tween 20 (Sigma) in PBS for 10 min at room temperature. After adding a detection buffer, the nies were assessed by using an inverted microscope (Olympus, Tokyo, Japan) under 10× magnification. The cells were visualized for the detection of an ALP activity using a fluorescence microscope (LSM510; Carl Zeiss). quality of colonies was scored according to an ES Cell International grading. (1) Grade A/excellent; colonies Gene Expression Analysis in KhES-1 Cells with even morphology and well-defined edges. The cells in colonies are dense and the colonies are thick, multi-To evaluate the gene expression of KhES-1 cells at the mRNA level, we performed a reverse transcription-layered, homogenous, and exhibit 0-30% differentia-polymerase chain reaction (RT-PCR) analysis as pre-tained undifferentiated status of KhES-1 cells for several passages (Fig. 1b ). viously reported (4). Briefly, RT was performed at 22°C for 10 min and then 42°C for 20 min using 1.0 µg of The Expression of Oct-4 and Nanog in KhES-1 Cells RNA per reaction to ensure that the amount of amplified After 10 Passages DNA was proportional to those of specific mRNAs in the original samples. PCR amplifications were per-To characterize the self-renewal status of KhES-1 cells, we analyzed the expression of Oct-4 and Nanog formed in 50 µl of a reaction mixture containing 2.0 µg of RT products under the manufacturer's guidelines.
by RT-PCR after 10 passages in each culture condition. When cultured with MEF-CM + 10 ng/ml bFGF, the Amplification conditions included denaturation at 95°C for 1 min, annealing at 60°C for 1 min, and 72°C for 1 cells maintained the expression of these undifferentiated markers; in contrast, their expression was markedly min using a thermal cycle. The PCR products were resolved on 1% agarose gels and visualized by ethidium downregulated in KhES-1 cells cultured in other conditions (Fig. 1e ). In addition, a cell growth-indicating bromide staining. For PCR, 35 cycles were applied. A human housekeeping β-actin gene served an internal MTT assay showed a stable cell proliferation when a culture condition of MEF-CM + 10 ng/ml bFGF was control. Primers used were as follows: Oct4 [179 base pair (bp)] forward 5′-GGGAAGGTATTCAGCCA adopted (Fig. 1f ). AACG-3′, reverse 5′-GGTTCGCTTTCTCTTTCGGG-ALP Activity of KhES-1 Cells After 40 Passages 3′; Nanog (448 bp) forward 5′-AATACCTCAGCCTC CAGCAGATG-3′, reverse 5′-CAAAGCAGCCTCCAA To further evaluate the effect of long-term culture on KhES-1 cells in feeder-free conditions using MEF-CM GTCACTG-3′; α-fetoprotein (AFP, 676 bp) forward 5′-AGAACCTGTCACAAGCTGTG-3′, reverse 5′-GACA supplemented with 10 ng/ml bFGF, we analyzed ALP activity at each of passages 20, 30, and 40. ALP activity GCAAGCTGAGGATGTC-3′ (14); Pax-6 (337 bp) forward 5′-TCCATCAGTTCCAACGGAGAAG-3′, reverse was properly maintained in KhES-1 cells for long-term culture of 40 passages ( Fig. 2a-) , while revealing Grade 5′-GTGGAATTGGTTGGTAGACACTG-3′; α-cardiac actin (486 bp) forward 5′-GGAGTTATGGTGGGTAT A morphology of undifferentiated cells ( Fig. 2d-f ), and expressing undifferentiated markers Oct-4 and Nanog GGGTC-3′, reverse 5′-AGTGGTGACAAAGGAGTAG CCA-3′; β-actin (610 bp), sense 5′-TGACGGGGTCA ( Fig. 2g ). CCCACACTGTGCCCATCTA-3′, antisense, 5′-CTAGA KhES-1 Cells Maintained Pluripotency AGCATTTGCGGTGGACGATGGACGG-3′.
To evaluate the effect of the feeder-free culture con-Statistical Analyses ditions on pluripotency of KhES-1 cells, we allowed the cells at each of passages 20, 30, and 40 to form EBs and Mean values are presented with SDs. A Student's ttest was used to calculate the significance of difference plated the cells 14 days after EB formation for further differentiation (Fig. 3a-c) . The cells showed various dif-in mean values. A value of p < 0.05 was considered statistically significant.
ferentiated status with distinct morphologies of three germ layers: endoderm, ectoderm, and mesoderm ( Fig.  RESULTS 3d-f). EBs of 14 days old at each of passages 20, 30, and 40 expressed AFP for endoderm, α-cardiac actin for bFGF (10 ng/ml) Allowed Long-Term Culture mesoderm, and Pax6 for ectoderm ( Fig. 3g) . These reof KhES-1 Cells in Feeder-Free Culture sults indicated that KhES-1 cells cultured with MEF-CM supplemented with 10 ng/ml bFGF maintained plur-Each of the KhES-1 cells in the culture conditions using MEF-CM, Matrigel, and different doses of bFGF ipotency and possessed the multilineage differentiation potential. (0, 10, 20, 40 ng/ml) continued to proliferate and maintained morphology typical of hESC colonies grown on DISCUSSION MEF for at least 4 passages. Single cell morphology showed a high nucleus to cytoplasm ratio. When colo-In this study, we used the Japanese human embryonic stem cell line KhES-1 and found that pluripotency, the nies of small compact cells were observed 7 days after seeding, they were manually dissociated into clumps of expression of undifferentiated markers, and transcription factors remained consistent for up to 1 year in continu-ϳ200-500 cells and replated on new six-well plates precoated with Matrigel. After 7 passages, there were no ous culture. The expression of undifferentiated markers Oct-1 and Nanog was quite similar at early and late pas-colonies of undifferentiated cells when using only MEF-CM, MEF-CM + 20 ng/ml bFGF, or MEF-CM + 40 ng/ sages in KhES-1 cells cultured without direct contact with feeder layer. After comparing different doses of ml bFGF (Fig. 1a-d) . We further found that only MEF-CM supplemented with 10 ng/ml bFGF properly main-bFGF, we found that, in particular, supplementation of 10 ng/ml bFGF to MEF-CM is able to maintain long-MEFs in this maintenance is limited. Some groups have made efforts to dissect the potential of the components term culture of KhES-1 with a stable growth rate. In contrast, when using only MEF-CM or 20-40 ng/ml of of MEF-CM (6), which have shown to help hESC cultures retain undifferentiated properties of hESCs on Matri-bFGF, KhES-1 undergoes considerable spontaneous differentiation.
gel and other substrates. These investigations have found intracellular proteins During the progress of this study, we found that bFGF played an indispensable task in long-term hESC as well as extracellular matrix proteins associated with cell adhesion and growth are present in MEF-CM. How-maintenance. Beforehand, hESCs were reported to maintain pluripotency in feeder-free conditions contain-ever, MEF-CM alone is not sufficient to maintain hESCs in the undifferentiated state; there is also a requirement ing 40 ng/ml of bFGF and FGF signaling was necessary for the sustainable maintenance of self-renewal and plur-for a substrate such as laminin, fibronectin, or Matrigel. It is well known that mouse ESCs can remain undiffer-ipotency of hESCs in a concentration dependent manner (16, 17) . entiated without feeder layers when the medium is supplemented with LIF. This, however, is not the case with It is clear that MEFs provide critical materials in terms of substrate as well as soluble molecules, such as hESCs (15). One of the pathways implicated in hESC pluripotency is the canonical Wnt signaling one. Using growth factors, that maintain hESCs in their undifferentiated status. However, our understanding of the role of a GSK-3-specific inhibitor (13, 14) , researchers have shown that activation of this pathway was able to main-undifferentiated growth of hESCs need to be developed and tested in the near future. tain pluripotency in both mouse and human ESs. The TGF family has also been demonstrated to help maintain This study has demonstrated that the Japanese KhES-1 is able to proliferate and maintain undifferentiated state the pluripotent status of hESCs (2, 18) .
Future studies should compare several animal-free during long-term culture when using MEF-CM supplemented with 10 ng/ml bFGF. The KhES-1 grown under and chemically defined culture medium that supports long-term culture of undifferentiated status of hESCs to feeder-free conditions retained expression of specific intracellular hESC markers such as Oct-4 and Nanog. develop an effective and clinically applicable hESCs for the treatment of human diseases.
Pluripotency is most commonly evaluated by the formation of EBs in vitro, and such EBs express markers from Recently several groups have reported the creation of chemically defined culture medium for hESCs (7, 13) .
the three germ layers and produce cells with different morphologies. Pluripotency was properly maintained in However, Matrigel is absolutely an animal-derived extracellular matrix (ECM); to solve this problem other KhES-1 cells cultured feeder-free conditions in the present study. groups have propose the use of fibronectin as a potential alternative to Matrigel. Artificial ECMs that support the It is unclear if chromosomal abnormalities are present 
